Ionization of Na Rydberg Atoms by Subpicosecond Quarter-Cycle Circularly Polarized Pulses by Bensky, Thomas J. et al.
Ionization of Na Rydberg Atoms by Subpicosecond Quarter-Cycle Circularly Polarized Pulses 
T. J. Bensky, G. Haefﬂer, and R. R. Jones 
Department of Physics, University of Virginia, Charlottesville, Virginia 22901 
We report the ﬁrst observation of ionization of Rydberg atoms by subpicosecond, circularly polarized 
THz radiation. The ﬁeld amplitude in these pulses is non-negligible for only one-quarter of an optical 
cycle. The experiment is performed in the short-pulse regime, where the duration of the ionizing 
pulse is shorter than the classical Kepler period of the Rydberg electron. We ﬁnd that the ionization 
probability for these atoms is remarkably insensitive to the time-varying polarization of the THz ﬁeld. Over the years, multiphoton ionization of atoms has 
been recognized as a process of fundamental importance 
for understanding the dynamic interaction between atoms 
and intense radiation ﬁelds. Very recently, a number of in­
vestigations have led to the discovery of novel ionization 
dynamics during the interaction of highly excited Rydberg 
atoms with strong, subpicosecond pulses of THz radiation 
[1–7]. The unipolar electric ﬁeld in these pulses resembles 
one-half of an optical cycle of an oscillating electric ﬁeld 
so they are commonly referred to as “half-cycle” pulses 
(HCPs). To date, experimental and theoretical HCP stud­
ies have considered only linearly polarized ﬁelds. In this 
conﬁguration, HCPs provide an impulsive unidirectional 
“kick” that can literally push a Rydberg electron off an 
atom [1–3,8]. Although the ionization dynamics are now 
relatively well understood for unidirectional ﬁelds, previ­
ous work with multi-cycle laser [9] and microwave pulses 
[10], as well as classical intuition, suggests that ionization 
by subpicosecond far-infrared pulses might proceed very 
differently with circularly polarized radiation. 
In this Letter, we describe the results of the ﬁrst experi­
ment on the ionization of atoms by subpicosecond circu­
larly polarized THz pulses. The duration of these pulses 
is so brief that the electric ﬁeld vector rotates by only 
90± during the pulse. In the language of classical physics, 
an electron exposed to this “quarter-cycle” circularly po­
larized pulse is subjected to a rapidly rotating force in 
contrast to a unidirectional kick. Therefore, one should 
expect to observe interesting new ionization dynamics us­
ing these novel pulses. 
The interaction of atoms with these pulses is also in­
teresting from the point of view of collision physics. A 
quarter-cycle ﬁeld pulse bears a strong resemblance to the 
time-dependent ﬁeld seen by an atom undergoing a colli­
sion with a charged particle, as shown explicitly in Fig. 1. 
In each case, the ﬁeld can be described as a combination 
of a half-cycle cosine pulse along one axis (the transverse 
collision ﬁeld) and a “single-cycle” sine component along 
an orthogonal axis (the longitudinal collision ﬁeld). In 
contrast to true collision experiments, the relative veloc­
ity, impact parameter, and orientation of the colliding par­ticles can be precisely controlled in a “mock collision” by 
adjusting the duration, ﬁeld amplitude, and polarization of 
the quarter-cycle ﬁeld pulse. 
It is well known that circularly polarized radiation can 
be decomposed into two waves with orthogonal linear 
polarizations and a relative delay (or phase shift) of one-
quarter of an optical period. Similarly, by combining 
two orthogonal, linearly polarized HCPs with a relative 
delay of approximately one-half of the HCP duration, 
the quarter-cycle analog of a circularly polarized pulse 
FIG. 1. Top: Schematic of a collision between an atom A 
and a charged particle q traveling with a relative velocity y 
at impact parameter b. Bottom: The ﬁeld experienced by 
the atom during the collision compared to that of a quarter-
cycle circularly polarized pulse. The solid line shows the true 
collision ﬁeld while the dashed line is the ﬁeld produced by two 
orthogonally polarized HCPs with a relative delay of one-half 
of their duration [see inset of Fig. 4(A)]. This decomposition of 
the quarter-cycle circularly polarized ﬁeld is obtained if the 
0 0transverse, xˆ , and longitudinal, yˆ , collision ﬁeld directions 
form a coordinate system which is rotated by 45± with respect 
to the xˆ and yˆ axes of Fig. 2. 
is produced. Furthermore, by selecting different delays 
between the two, component HCPs, a resultant ﬁeld pulse 
with any polarization from linear to circular can be 
generated. 
In the experiment, ground state Na atoms in a thermal 
beam are excited through the 3p1�2 level to a Rydberg 
state with principal quantum number 15 # n # 35 and 
angular momentum l � 2, using two tunable nanosecond 
dye lasers. Approximately 50 nsec after they are pro­
duced, the Rydberg atoms are irradiated by a pair of 0.5 
psec HCPs. The two HCPs are generated by illuminating 
two biased GaAs photoconductive switches with two 150 
fsec, 790 nm pulses from an ampliﬁed Ti:sapphire oscilla­
tor [1,11]. The bias ﬁelds on the two GaAs wafers are ori­
ented at right angles with respect to each other, producing 
HCPs with orthogonal linear polarizations [11]. The two 
HCPs counterpropagate through the Rydberg atom beam 
between two parallel capacitor plates, as shown in Fig. 2. 
Approximately 50 nsec after the atoms are exposed to the 
HCPs, a 50 V , 2 msec voltage pulse is applied to the bot­
tom capacitor plate, pushing any ions created by the re­
sultant THz ﬁeld through a 50 3 1000 mm extraction slit 
in the upper capacitor plate toward a microchannel plate 
detector. The axis of the narrow slit is oriented perpen­
dicular to the HCP propagation axis, giving a temporal 
resolution of ,200 fsec in this counterpropagating HCP 
geometry [4,7]. 
The number of ions produced by the HCPs is monitored 
as a function of the peak ﬁeld in each component HCP 
as well as the polarization of the resultant ﬁeld. The 
peak ﬁeld is varied by changing the bias voltage on both 
GaAs switches simultaneously. The polarization of the 
resultant ﬁeld is varied continuously by increasing the 
relative delay between the two 790 nm laser pulses used 
to illuminate the GaAs wafers. 
The dye lasers, HCPs, and atomic beam are oriented 
as shown in Fig. 2 to maximize the symmetry of the 
problem. The two dye lasers propagate parallel to each 
other and antiparallel to the atomic beam. The two HCPs 
counterpropagate at right angles to the dye lasers, so that all 
beams lie in a horizontal plane. The common direction of 
polarization of the two dye lasers lies along the propagation 
FIG. 2. Schematic of the apparatus showing the relative 
orientations, propagation directions, and polarizations of the 
HCPs, lasers, and atomic beams. axis of the two HCPs, zˆ, and deﬁnes the quantization axis 
for the Rydberg atoms. The polarization vectors of the 
HCPs are mutually orthogonal and lie in the vertical x-
y plane. From symmetry, the ionization yield produced 
by a linearly polarized HCP must be independent of the 
direction of polarization in the x-y plane. 
Measurement of ionization by a quarter-cycle circularly 
polarized ﬁeld requires that we detect only those atoms 
which are exposed to a well-deﬁned relative delay be­
tween the two identical, orthogonally polarized compo­
nent pulses. Periodically during data collection, ionization 
probability vs ﬁeld curves are taken for each HCP indi­
vidually, and the two traces are compared to ensure that 
the ﬁeld amplitude in the two pulses agree to better than 
10%. In addition, at zero relative delay between the com­
ponent HCPs, the resultant ﬁeld seen by the atoms should 
be a single 0.5 psec HCP that is linearly polarized in the 
x-y plane at 45± with respect to the component ﬁelds. The p
amplitude of the resultant ﬁeld should be 2 times larger 
than the peak ﬁeld in the component pulses, F0. The ioni­
zation curves obtained with each HCP alone are compared 
to those produced with two HCPs at zero relative delay 
just prior to each circular polarization measurement. The 
resultant linear ﬁeld produces the same level of ionization 
as the individual HCPs at only a fraction of the bias volt-p
age. Typically, this fraction is equal to 1� 2 to better than 
10%, indicating that the resultant ﬁeld is, in fact, linearly p
polarized with an amplitude of, 2 F0. 
Of course, the primary purpose of this experiment is 
to compare and contrast sub-single-cycle pulse ionization 
for circular vs linear polarization. In multi-cycle pulse 
experiments, ionization yields for different polarizations 
can be compared directly as a function of pulse intensity 
or peak ﬁeld. This type of comparison is problematic in 
the present experiment since the duration and peak ﬁeld of 
the combined pulse changes, along with its polarization, 
as the delay between the component pulses is varied. 
Instead, ionization yield is monitored as a function of the 
peak ﬁeld, F0, in the two component pulses. This method 
does not require that we make any assumptions about the 
exact temporal shape of the pulse and also lends itself to 
an intuitive description of the complicated dynamics of 
the ionization process. 
The upper trace in Fig. 3 shows the probability for 
ionizing the 23d level as a function of F0 for zero relative 
delay, i.e., for a linearly polarized resultant ﬁeld. The 
middle and lower traces in Fig. 3 show the ionization yield 
from the same initial state with “circular” polarization at 
relative delays of 0.25 and 0.50 psec, respectively. The 
three traces are offset from each other and are identical 
within the noise level of the experiment. Note that the 
deﬁnition of circular polarization is somewhat ambiguous, 
and the time-dependent ﬁeld in both the 0.25 and 0.50 psec 
cases has a strong resemblance to a quarter-cycle circularly 
polarized pulse (see insets in Fig. 4). The remarkable 
feature of the data shown in Fig. 3 is that the ionization 
FIG. 3. Ionization probability of the Na 23d state as a 
function of the ﬁeld amplitude in each of two orthogonally 
polarized HCPs with relative delays of �a� 0.0 psec, �b� 
0.25 psec, and �c� 0.50 psec. The calibration of the ﬁeld 
amplitudes is obtained by comparing the ionization yield 
observed with a single HCP to that calculated classically as 
suggested in Ref. [14]. The traces are offset from each other 
for clarity. 
level depends only on the peak ﬁeld in the component 
pulses, not on the polarization of the resultant ﬁeld. 
Data similar to that shown in Fig. 3 were taken for initial 
states ranging from 15d to 35d. In each case, the similarity 
between the data taken at the three different relative delays 
is striking. A least squares algorithm is implemented to 
FIG. 4. Ratio a of the component ﬁelds, F0, which produce 
the same level of ionization for circular and linear polariza­
tion as a function of the principal quantum number of the 
initial state. The measurements (o) are the average of two in­
dependent data runs. The results of the classical simulation are 
shown as ��� connected with a solid line. The dashed line at 
a � 1 is included to guide the eye. (A) shows the results for 
a relative delay of 0.25 psec, while (B) shows the results for 
0.50 psec. The error bars for the experimental points are typi­
cally less than the size of the symbols. Note the clear transition 
from the short-pulse to the long-pulse regime characterized by 
the deviation of a from unity near n � 18. The insets show 
the resultant ﬁeld vector as a function of time (clockwise rota­
tion) for the two different cases. make a quantitative comparison of the ionization yields 
with different polarizations. The ﬁt assumes that, for 
each initial state, the circular polarization ionization curves 
differ from the linear ones by a scaling factor of the peak 
component ﬁeld, F0 [12]. Figure 4 shows the average 
results of the ﬁtting procedure for n � 18 through n � 25 
for two independent data runs. The dependent axis for the 
plots is the ratio, a � F0circ�F0lin, which minimizes the 
value of x2 between the linear and circular polarization 
curves. Note that, for all states with n $ 20, the results 
a � 1.0 indicate that the linear and circular polarization 
curves are identical. However, in the 0.50 psec delay 
data, there is a clear deviation from a � 1.0 for n , 20. 
This deviation is even more apparent for initial states with 
n # 18 for both the 0.25 and 0.50 psec data [13]. 
In previous studies of Rydberg atom/HCP interactions, 
classical simulations have provided valuable insight into 
the electron dynamics as well as quantitative agreement 
with experimental results [1,2,5,14]. We ﬁnd that the 
current experiment is equally well suited to classical analy­
sis. Speciﬁcally, an adaptive step size, ﬁfth-order Runge-
Kutta algorithm has been used to numerically integrate 
the classical equations of motion for an ensemble of 
electrons under the inﬂuence of two orthogonally polarized 
HCPs [1]. The electron ensemble simulates the probability 
distribution of the initial quantum state, and each HCP 
is modeled as a Gaussian with a 0.5 psec full width at 
half-maximum (FWHM). The fraction of electrons in 
the ensemble, whose energy is greater than zero after 
the combined pulse, gives the ionization probability for a 
particular pulse amplitude and polarization. 
The ionization probability as a function of the peak 
component pulse ﬁeld, F0, has been computed for initial 
states, 12d # nd # 25d, at relative delays of 0.0, 0.25, 
and 0.50 psec to simulate the experimental conditions. 
As with the experimental data, the ionization curves for 
both circular polarization cases (0.25 and 0.50 psec) are 
compared to the linear curves (0.0 psec). The ratio of 
the peak component ﬁelds, a � F0circ�F0lin, which gives 
the best agreement between the circular and linear curves 
is plotted along with the data in Fig. 4. The agreement 
between theory and experiment is quite good. 
The results of the classical simulation show a clear 
deviation from the value a � 1 for values of n , 17. This 
same effect is observed in the experimental data at n � 19. 
It is not a coincidence that this is the range of principal 
quantum numbers at which the classical Kepler period 
of the electron, tK � 2pn3, becomes comparable to the 
duration of the component HCPs, tHCP . The data and 
theory clearly show that there is a signiﬁcant change in 
the ionization dynamics as one moves from the short-pulse 
regime, tHCP ø tK �n ¿ 15�, to the long-pulse regime, 
tHCP ¿ tK �n ø 15�. We attribute the slight discrepancy 
in the experimental and theoretical values of n at which 
the transition between these two regimes occurs to small 
uncertainties in the temporal shape of the HCP [14]. 
In the long-pulse regime, the ﬁeld amplitude changes 
negligibly during one radial oscillation of a classical 
electron. Therefore, in this adiabatic limit, no energy 
exchange between the electron and the ﬁeld occurs. 
Instead, the ﬁeld produces a saddle point in the effective 
binding potential on one side of the atom, allowing the 
electron to escape from the nucleus without increasing 
its total energy [15]. Hence, ionization is only sensitive 
to the height of the saddle point which is determined by 
the peak resultant ﬁeld amplitude. For the relative delays 
of interest in this experiment, 0.0, 0.25, and 0.50 psec, p
the peak resultant ﬁelds are 2 F0, �1.2F0, and F0, 
respectively. So, at very low values of n, one would 
expect the ratios, a in Fig. 4, to approach values of �1.2 
and �1.4 for delays of 0.25 and 0.50 psec, respectively. 
In contrast, ionization proceeds in the short-pulse regime 
via energy transfer to the electron through momentum 
“kicks” due to the component HCPs [1,2,6,7]. The re­
sults of the classical simulation show that the impulse 
imparted by a single linearly polarized HCP affects the 
momentum distribution along the ﬁeld polarization axis 
only. The momentum distributions along the other axes 
remain essentially unchanged and static. Since the en­
semble is “kicked” by two orthogonally polarized HCPs, 
it receives an impulse along two orthogonal axes, but its 
motions along these two axes are completely decoupled. 
Therefore, the energy gain from each component kick is 
independent of the other, and the net ionization yield does 
not depend on the relative delay between the two pulses. 
In other words, in the short-pulse regime, ionization is in­
dependent of the time-dependent polarization of the net 
ﬁeld pulse. In fact, in the short-pulse limit, we ﬁnd ex­
perimentally and theoretically that the ionization yield is 
independent of the relative HCP delay up to at least sev­
eral picoseconds for any given HCP amplitude. 
In summary, we have created novel THz pulses with 
time-varying polarizations, resembling ﬁelds that are cir­
cularly polarized for only one-quarter of an optical cy­
cle, and used them to observe the ionization dynamics of 
Na Rydberg atoms for the ﬁrst time. In the short-pulse 
regime, the ionization probability is remarkably insensitive 
to the time-varying polarization of the ﬁeld. This insen­
sitivity can be best understood by considering the effect 
of the orthogonal component ﬁelds on the electronic mo­
mentum distribution. In essence, the momentum imparted 
to the electron along one axis does not couple into other 
Cartesian degrees of freedom. Our simulations indicate 
that quarter-cycle circularly polarized pulses are capable of 
producing oriented Rydberg states with very high angular 
momentum. Therefore these pulses may prove to be an efﬁcient tool for creating circular Rydberg states on a pi­
cosecond time scale. In addition, quarter-cycle circularly 
polarized pulses can be used to simulate controlled ion/ 
atom collisions. 
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